ABSTRACT: Here we investigate the local structure present in single-step precursor solutions of methylammonium lead iodide (MAPbI 3 ) perovskite as a function of organic and inorganic precursor ratio, as well as with hydriodic acid (HI), using X-ray absorption spectroscopy. An excess of organic precursor as well as the use of HI as a processing additive has been shown to lead to the formation of smooth, continuous, pinhole free MAPbI 3 films, whereas films produced from precursor solutions containing molar equivalents of methylammonium iodide (MAI) and PbI 2 lead to the formation of a discontinuous, needlelike morphology. We now show that as the amount of excess MAI in the precursor solution is increased, the iodide coordination of iodoplumbate complexes present in solution increases. The use of HI results in a similar increase in iodide coordination. We therefore offer insight into how solution chemistry can be used to control MAPbI 3 thin film morphology by revealing a strong correlation between the lead coordination chemistry in precursor solutions and the surface coverage and morphology of the resulting MAPbI 3 film.
INTRODUCTION
Lead halide perovskites have attracted an immense amount of attention over the past several years because of the rapid ascent of their photovoltaic efficiency. 1, 2 To date, solution-processed lead halide perovskite photovoltaic devices have been reported with certified power conversion efficiencies exceeding 20%. 3 Recent advances are in large part due to the development of processing techniques that produce smooth, continuous films necessary for the active layer in a high-efficiency photovoltaic device. Forming such a smooth, continuous film using a singlestep solution processing protocol requires careful control of the chemistry of precursor solutions and/or the film deposition conditions. 4, 5 Specifically, it is known that spin-casting a solution containing molar equivalents of methylammonium iodide (MAI) and PbI 2 fails to produce a continuous film and instead produces a discontinuous, needlelike morphology that produces shorts and a relatively low power conversion efficiency upon incorporation into a photovoltaic device. A common workaround is to cast films from solutions containing a molar excess of MAI, which produces a more continuous, smoother MAPbI 3 film. 6, 7 A disadvantage of this methodology is that the excess MAI must then be removed from the film via thermal decomposition, requiring higher temperature and/or longer annealing protocols that can lead to grain coarsening and film roughening. 8 An alternative method for producing smooth, continuous lead halide perovskite films with a singlestep protocol is to incorporate a small amount of hydriodic acid (HI) into the casting solution. 9 HI has therefore been used as an additive for the fabrication of high-efficiency photovoltaic devices. 10−12 Lead halide perovskite precursor solutions containing both the inorganic and organic precursor have been described as soft coordination networks 7 or sol−gels. 13 Stamplecoskie et al. suggested that PbI 2 and the higher-order iodoplumbate coordination complexes PbI 3 − and PbI 4 2− exist in equilibrium in solutions where the iodide concentration exceeds the lead concentration by more than an order of magnitude.
14 Changes in the absorption band edge of precursor solutions as a function of precursor molar ratio have thus been qualitatively explained in terms of relative changes in the populations of iodoplumbate coordination complexes that are present in solution. 7 The presence of these complexes in perovskite precursor solutions and their exact structure and relationship to specific precursor chemistries, however, have not been directly verified or quantified and been only indirectly inferred, nor, to the best of our knowledge, has any experimental evidence been presented to explain what role HI serves in precursor solutions. Herein, we use X-ray absorption spectroscopy of the Pb L-III edge to probe the local structure of the Pb ions in precursor solutions as a function of the precursor molar ratio and the presence of HI to aid in the development of a mechanistic understanding of how solution chemistry can be tuned to produce the smooth, continuous films required for the fabrication of efficient photovoltaic devices.
Extended X-ray absorption fine structure (EXAFS) refers to the oscillatory region of an X-ray absorption spectrum beginning ∼30 eV above an absorption edge. This oscillatory structure, denoted as χ, arises from the backscattering of photoelectrons from various shells of neighboring atoms and can be expressed in terms of total absorption μ for the edge of interest and average absorption above the edge μ 0 :
The extracted χ(E) data are then converted from energy to wave vector or k-space. From perturbation theory, χ(k) is a sum of waves of the following form:
where k is the photoelectron wave vector, N is the number of neighbors (coordination number), S o 2 is the amplitude reduction factor (equal to 1.0 here), F(k,r) is the backscattering amplitude, ϕ(k,r) is the backscattering phase, and σ is the width of the pair distribution function. Waves at different r add constructively or destructively, leading to a complex function in k-space. A Fourier transform (FT) of kχ(k) into real space (rspace) then produces peaks corresponding to the distances from the absorbing atom to different neighbor atoms. The phase term ϕ(k,r) can be approximately written as −2kα + φ(k); when combined with the 2kr term, the effective distance on an EXAFS plot is r − α, where α is the phase shift of approximately 0.3−0.5 Å. As a consequence of the phase shift, the peaks on an EXAFS plot are therefore shifted to shorter distances compared to actual atomic spacings. By fitting the data using eq 2 (the EXAFS equation), local structure information about the absorbing atom can be extracted up to approximately 4−5 Å, including the distance to neighboring (backscattering) atoms, their chemical identity, and the coordination number. 16 In this study, MAPbI 3 precursor solutions in dimethylformamide (DMF) with different PbI 2 :MAI molar ratios (1:1, 1:1.5, and 1:3) as well as 1:1 PbI 2 /MAI precursor solutions with different amounts of HI and a solution of PbI 2 without MAI are investigated via EXAFS. Data were acquired at approximately 5 K using a helium cryostat on solutions that were flash-frozen in liquid nitrogen to prevent hydrogen gas evolution during X-ray irradiation, which complicates data collection and can introduce measurement artifacts. 17 Additionally, sample cooling is recommended for samples containing soft metals to prevent EXAFS signal attenuation due to thermal effects. 18 Sample cooling thus leads to higher EXAFS amplitudes at high wave vectors and hence facilitates the interpretation of EXAFS. Further details about sample preparation as well as data collection and reduction are provided in the Supporting Information.
RESULTS AND DISCUSSION
The data were fit in r-space using a sum of theoretical pair functions calculated from a PbI 2 −DMF crystal structure 19 using FEFF7. 20 These pair functions [Pb−O, Pb−I(1), Pb−I(2), and Pb−I(3)] are based on the atomic spacings within the crystal structure, which serve as starting points for the fits. For each pair, the distribution of distances is a Gaussian of width σ and amplitude N. The disorder for various shells of atoms is inferred from σ 2 , the correlated Debye−Waller factor, with disorder increasing with the value of σ 2 . The left side of Figure  1 displays the r-space EXAFS data of each sample and the fit, while the right side displays the individual Pb−I and/or Pb−O components. The PbI 2 plot is distinctly different from the rest of the data in that it exhibits a large peak at approximately 2.2 Å. This peak corresponds to a Pb−O bond, consistent with the knowledge that DMF coordinates with Pb 2+ ions in solution via the formation of Pb−O bonds. 21 The PbI 2 data additionally exhibit a large, broad peak at approximately 3 Å that we have fit using a single Pb−I component.
In contrast, the data from solutions containing PbI 2 and MAI required three Pb−I components to adequately fit the data (for further discussion of the components used for the fits, see the Supporting Information). As illustrated in Figure 2 , the first two Pb−I components for the samples with HI are very well ordered with small σ 2 values. They dominate the r-space data, and the interference between these two components produces the dip at 2.85 Å that is not observed in the other samples. These samples' Pb−I(3) component, however, is slightly broader and less well-defined. For the samples without HI, the Pb−I(2) and Pb−I(3) components generally become increasingly disordered as the concentration of MAI increases from 1 to 3 M, with the Pb−I(2) component of the 1:3 PbI 2 / MAI sample exhibiting significantly more disorder than any component in any of the samples.
Given the 10−15% systemic error for coordination numbers from EXAFS fits as a result of correlations between N and σ, 15 Pb ions' total iodide coordination generally increases with an increase in MAI concentration and with the use of HI. Specifically, the total iodide coordination number increases from the PbI 2 (no MAI) sample to the 1:1 PbI 2 /MAI sample and then again to the 1:1.5 PbI 2 /MAI sample. The coordination number then remains constant within experimental error for the 1:1.5 and 1:3 PbI 2 /MAI samples. The iodide coordination number is largest, however, for the samples incorporating HI. The use of HI thus increases iodide coordination without introducing significantly more structural disorder in contrast to the use of excess MAI that increases both coordination number and structural disorder.
In general, the measured Pb−I(n) distances group into three rather distinct spacings: ∼3.1, ∼3.2−3.25, and ∼3.4 Å (middle panel of Figure 2 and Table S1 ). Some insight into the possible origin of these spacings can be obtained by reference to the Pb−I bond lengths in PbI 2 −DMF crystalline complexes 19, 22, 23 where extended octahedral Pb−I fragments are observed. These complexes' structures have been determined with X-ray diffraction to understand their function as intermediate phases in the fabrication of MAPbI 3 films. 22, 23 Our data are similar to data for these complexes in that both sets of data can be grouped into three distinct spacing regimes with comparable distances ( Figure S2 ). This is in contrast to the Pb−I bond lengths in PbI 2 , which has only a single spacing, and tetragonal MAPbI 3 , which has three spacings but lacks a spacing comparable to the Pb−I(3) spacing measured for our data. On the basis of these comparisons, we speculate that the iodoplumbate complexes that we observe in the perovskite precursor solutions are most similar to the extended octahedral Pb−I fragments in previously reported PbI 2 −DMF crystalline compounds rather than to PbI 2 24 We now present the X-ray absorption near edge structure (XANES) data of the measured samples ( Figure 3) . As XANES is a probe of the local chemical bonding environment of an absorbing atom, it can be used to provide further structural insight complementary to EXAFS. The PbI 2 XANES data exhibit large peaks at 13050 and 13082 eV. The samples containing both PbI 2 and MAI exhibit significantly less intense peaks at approximately 13061 and 13085 eV similar to simulated XANES spectra of higher-order iodoplumbate complexes. 25 The 1:1 PbI 2 :MAI data are unique in that its peak at 13061 eV is noticeably less intense than the spectra from the other samples containing both PbI 2 and MAI, and it exhibits a large shoulder at approximately 13052 eV not present in any of the other spectra. The XANES data additionally exhibit an isosbestic point at approximately 13056 eV. As the higher-order iodoplumbate complexes exhibit extremely similar XANES spectra that greatly differ from the XANES spectrum of PbI 2 , 25 and as X-ray spectroscopy data are a weighted average of the coordination environment of all absorbing atoms in solution, the presence of an isosbestic point is consistent with spectra with contributions from both Pb ions with PbI 2 -like coordination and Pb ions present in higher-order iodoplumbate complexes, the relative proportion of each shifting as a function of the relative MAI or HI concentration. We have exploited this observation to improve our understanding of the unique XANES spectra of the 1:1 PbI 2 /MAI sample by performing a linear combination fit of its real-space EXAFS spectra using the PbI 2 and 1:3 PbI 2 / MAI samples as standards ( Figure S3 ). The 1:1 PbI 2 /MAI EXAFS data can be modeled using approximately 22% PbI 2 and 78% 1:3 PbI 2 /MAI. When we then use these same weightings in corresponding sums of the XANES data to reconstruct the 1:1 PbI 2 /MAI XANES data, we find this reconstruction matches the 1:1 PbI 2 /MAI XANES data extremely well ( Figure  4 ). This linear combination fitting then suggests that the local chemical bonding environment of the 1:1 PbI 2 /MAI sample likely does have a small Pb−O component similar to that of the PbI 2 sample. This similarity is likely due to the presence of some remaining PbI 2 −DMF coordination in the 1:1 PbI 2 /MAI sample. The difficulty in obtaining a fit with a Pb−O component included for the 1:1 PbI 2 /MAI EXAFS data arises because the Pb−O peak in this sample is small and does not significantly contribute to its overall amplitude; therefore, the quality of the fit only slightly decreases when this peak is removed. In the simpler, two-component linear combination fit, the ratio of Pb−O to Pb−I is fixed in the PbI 2 data, and the fit is slightly better in the 1:1 PbI 2 /MAI linear combination data near 2 Å ( Figure S3 ) compared to the EXAFS data fit using the theoretical pair functions (Figure 1) . The very good fit of the reconstructed XANES data relative to the experimental XANES data using the weighting from the EXAFS linear combination fitting therefore indicates that a small amount of Pb−O coordination is present in the 1:1 sample but not for higher concentrations of MAI.
Chemistry of Materials
The presented EXAFS data then reveal that DMF coordinates to PbI 2 through the formation of Pb−O bonds but that as MAI is added to the solution, I
− ions displace DMF molecules to form higher-order iodoplumbate complexes. In general, the total iodide coordination number and structural disorder of these complexes increase with an increase in MAI concentration. The presented XANES data and the associated linear combination fitting additionally suggest that excess MAI or HI must be added to solutions to fully displace coordinated DMF molecules as the 1:1 PbI 2 /MAI XANES data could be reconstructed with a significant contribution from the PbI 2 XANES data, which EXAFS revealed to encompass significant Pb−DMF coordination. EXAFS data also revealed that the use of HI both increases the total iodide coordination number with little decrease in structural order and slightly alters the structure of iodoplumbate complexes in solution by shortening the Pb− I(1) component and expanding the Pb−I(3) component compared to those seen with the use of a molar excess of MAI. The complexes formed via the use of HI exhibited higher iodide coordination numbers compared to the use of equivalent concentrations of MAI, which may just be the result of the more efficient and complete dissociation of HI compared to that of MAI, thus resulting in a higher concentration of I − ions at similar HI and MAI concentrations. On the basis of comparisons of Pb−I spacings, it appears the iodoplumbate complexes present in single-step MAPbI 3 precursor solutions are most similar to known isolated intermediate phases produced during the synthesis of MAPbI 3 rather than to PbI 2 or MAPbI 3 , but in the case of the solutions containing HI or excess MAI without coordinated solvent molecules.
Having identified the presence of higher-order iodoplumbate complexes in MAPbI 3 precursor solutions as the result of the use of excess MAI or HI, we are able to offer some mechanistic insight into how these processing conditions may affect film formation. The presence of coordinated solvent in 1:1 PbI 2 / MAI solutions likely leads to the needlelike, discontinuous film morphology these films produce as this morphology is similar to that of the PbI 2 −DMF crystals precipitated from supersaturated PbI 2 /MAI solutions. 13 The improved morphology associated with use of excess MAI or HI is thus likely in part the result of the elimination of PbI 2 −DMF coordination. Additionally, the higher-order iodoplumbate complexes these conditions generate in solution have been shown to be important to proposed solid state transformation pathways associated with smooth, continuous perovskite films. 23, 26 The increased solubility associated with higher-order iodoplumbate complexes will also change the kinetics of film formation during deposition, which has proven to be a generally useful strategy for fabricating smooth, continuous perovskite films.
27−29 The specific chemical complexes present in solution also directly affect the progression of phases precipitated from solution as described by Ostwald's Rule of Stages. 30 However, because of the limitations of our data, specifically the low signal-to-noise ratio and overlapping multiple scattering features at larger real spacings, we cannot comment on various hypotheses about the role nanoparticles present in solution may play in film formation. 7, 31 Interestingly, the slightly altered iodoplumbate structure generated in solution as a result of the use of HI compared to excess MAI may in part explain recent observations that HI stabilizes the cubic polymorph of MAPbI 3 at room temperature. 32 
CONCLUSIONS
In summary, we have used Pb L-III edge EXAFS and XANES data of single-step MAPbI 3 precursor solutions to reveal the lead coordination environment as a function of precursor solution chemistry. It was found that as excess MAI is added to solutions I − ions displace coordinated DMF molecules to form higher-order iodoplumbate complexes, i.e., PbI . Solutions containing molar equivalents of PbI 2 and MAI exhibited significant DMF coordination, perhaps explaining the extremely discontinuous, needlelike film morphology these films produce. When PbI 2 and MAI are combined in DMF, the iodoplumbate complexes that form most closely resemble the solid state intermediate complexes identified as being mechanistically important for the synthesis of MAPbI 3 , rather than PbI 2 or MAPbI 3 itself, albeit without coordinated solvent in the case of solutions with HI or excess MAI. Importantly, we have offered what to the best of our knowledge is the first experimental evidence of the role HI plays as a solvent additive in improving MAPbI 3 film morphology. HI acts as a source of I − ions, thus allowing the formation of the iodoplumbate complexes formed with the addition of excess MAI, but with a slightly increased coordination number, slightly less structural disorder, and a modified structure. These results may more generally explain the usefulness of other halogen-containing solution additives as means of improving film morphology. 33−35 Our results offer important information about the coordination chemistry and local structural environment of single-step perovskite precursor solutions, which furthers our mechanistic understanding of how solution chemistry can be used to tune final film morphology by carefully controlling the lead coordination complexes present in solution. Such understanding will become increasingly important as perovskite chemistries become more diverse 12, 36 and more robust, scalable solution-processing protocols are developed for the manufacture of large area perovskite devices and modules. 37 
